Abstract: Background: Edaravone had been validated to effectively protect against ischemic injuries. In this study, we investigated the protective effect of edaravone by observing the effects on anti-apoptosis, regulation of Bcl-2/Bax protein expression and recovering from damage to mitochondria after OGD (oxygen-glucose deprivation)-reperfusion. Methods: Viability of PC12 cells which were injured at different time of OGD injury, was quantified by measuring MTT (2-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) staining. In addition, PC12 cells' viability was also quantified after their preincubation in different concentration of edaravone for 30 min followed by (OGD). Furthermore, apoptotic population of PC12 cells that reinsulted from OGD-reperfusion with or without preincubation with edaravone was determined by flow cytometer analysis, electron microscope and Hoechst/PI staining. Finally, change of Bcl-2/Bax protein expression was detected by Western blot. Results: (1) The viability of PC12 cells decreased with time (1~12 h) after OGD. We regarded the model of OGD 2 h, then replacing DMEM (Dulbecco's Modified Eagle's Medium) for another 24 h as an OGD-reperfusion in this research. Furthermore, most PC12 cells were in the state of apoptosis after OGD-reperfusion. (2) The viability of PC12 cells preincubated with edaravone at high concentrations (1, 0.1, 0.01 µmol/L) increased significantly with edaravone protecting PC12 cells from apoptosis after OGD-reperfusion injury. (3) Furthermore, edaravone attenuates the damage of OGD-reperfusion on mitochondria and regulated Bcl-2/Bax protein imbalance expression after OGD-reperfusion. Conclusion: Neuroprotective effects of edaravone on ischemic or other brain injuries may be partly mediated through inhibition of Bcl-2/Bax apoptotic pathways by recovering from the damage of mitochondria.
INTRODUCTION
The incidence ischemia rised rapidly with the increasing number of the aging population increasing in the modern society. Although more and more studies demonstrate the ischemia mechanism, such as excessive production of free radicals (Chung et al., 2006; Margaill et al., 2005) , altered calcium homeostasis (Montell, 2005) and N-methyl-D-aspartate excitotoxicity (Christophe and Nicolas, 2006) , few effective therapeutic drugs have been used in clinic.
Excessive production of free radicals has been implicated to accelerate the development of brain edema and secondary brain delay damage after ischemia (Caccamo et al., 2004) . Several investigators also have proposed a possible involvement of free radicals in the pathobiology of neurons apoptosis (Nagashima et al., 2000) . Both animal and cellular experiments showed that most antioxidant therapies were helpful for neurons survival (Noor et al., 2005) , but few have shown any beneficial effects in clinical trials, despite their excellent efficiencies in animal models (Won et al., 2002) . Edaravone had been clinically prescribed in Japan since 2001 to treat pa-tients with cerebral ischemia (Okatani et al., 2003; Takuma et al., 2003) .
Edaravone (2-methyl-1-phenyl-2-pyrazolin-5-one, MCI-186) is free-radial scavenger that has been evaluated as a neuroprotective compound which reduces the increase of hydroxyl radical and superoxide anion level in several models of cerebral ischemia (Hoehn et al., 2003; Okatani et al., 2003) . Using a rat model of transient middle cerebral artery occlusion (MCAO), the data showed that daily treatment with edaravone reduced cortical infarction volume. In addition, edaravone not only has antioxident action, but also protects cells from apoptosis (Kokura et al., 2005; Suzuki et al., 2005) . However, little information is available on antioxidant edaravone in regulating the Bcl-2/Bax apoptotic pathway via mitochondria after OGD-reperfusion injury at cellular level.
In vitro ischemic-like injury is usually induced by oxygen-glucose deprivation (OGD) in neurons (Iijima et al., 2003) . Rat pheochromocytoma cells (PC12 cells) have also been used in studies of in vitro ischemia injury (Zhou et al., 2001) . Our research showed that edaravone is a very safe and effective neuroprotective drug against ischemia. Edaravone protects PC12 cells from apoptosis resulting from the injury of OGD-reperfusion. Furthermore, edaravone slightly increases Bcl-2 protein and significantly suppresses Bax protein via recovering from mitochondria damage.
MATERIALS AND METHODS

Cell culture
PC12 cells were purchased from the Institute of Cell Biology, Chinese Academy of Sciences (Shanghai) and maintained in Dulbecco's Modified Eagle's Medium (DMEM, Sigma, USA), supplemented with 5% heat-inactivated fetal calf serum (FCS, Sigma, USA), 10% heat-inactivated horse serum, penicillin (50 U/ml), streptomycin (50 mg/L). Before OGD and edaravone (Mitsubishi Chemical Industries, Japan) addition, cultures were washed with phosphate-buffered saline (PBS), pH 7.0, and detached with 0.25% trypsin (Sigma, USA), then centrifuged and subcultured in a poly-L-lysine-coated 96-well microtiter plate, 5×10 5 cells/ml, 100 µl in each well. PC12 cells were cultured at 37 °C in a humidified atmosphere of 5% CO 2 .
Oxygen-glucose deprivation
Next day, the PC12 cells were treated by OGD as described previously (Zhou et al., 2001) . Briefly, the original media were removed; the cells were washed with a glucose-free Earle's balanced salt solution (EBSS) at pH 7.4 and placed in fresh glucose-free EBSS. The cultures were then introduced into an incubator containing a mixture of 5% CO 2 and 95% N 2 at 37 °C for 2 h and DMEM was replaced for another 24 h as OGD-reperfusion model. The control culture was maintained in normal EBSS and put in the incubator under normal conditions. Edaravone was added to the culture 30 min before OGD treatment.
Cell viability analysis
Cellular viability was evaluated by the reduction of 2-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to formazan. MTT was dissolved in PBS, and added to the culture at final concentration of 0.5 mg/ml. After an additional 2 h incubation at 37 °C, the media were carefully removed and 100 µl DMSO was added to each well, and the absorbance at 490 nm of MTT products formazan was measured on a platereader (ELX 800, BIO-TEK). Results were expressed as percentages of control.
Hoechst 33258/PI staining
Cell death was determined by propidium iodide (PI) and Hoechst 33258 double fluorescent staining. PC12 cells were cultured on cover slides. After injury by OGD for 2 h and followed by 24 h recovery, the cells were stained with PI (10 µg/ml) and Hoechst 33258 (10 µg/ml, Sigma, USA) and then fixed by 4% paraformaldehyde. For each cover slide, 1000~1500 cells were examined under a fluorescence microscope (Olympus BX51, Japan) and photographed with a digital camera (Olympus DP70, Japan). The results were expressed as the percentages of apoptotic cells and necrotic cells, respectively.
Electron microscope
PC12 cells were seeded at 1×10 6 cells/ml in 250 ml flasks and grown until 90% density. Cells were treated with OGD for 2 h, then replaced with DMEM for 24 h. For ultrastructural examination, cells were fixed with 0.2 mol/L glutaraldehyde and osmium tetroxide, and embedded into epon by standard pro-cedures. Ultra-thin sections were cut, stained with uranyl acetate and lead citrate and studied with an electron microscope (Philips, CM10, Lyon 1 Microscopy Center Lyon, France).
Flow cytometer analysis PC12 cells were injured by OGD-reperfusion in the absence or presence of edaravone (0.1 µmol/L) for 2 h and reperfusion. The population of apoptotic cells was quantified by annexing V-FITC (Bender Medsystems, Boehringer Mannheim, Germany) staining. Briefly, 5×10
6 PC12 cells were washed in PBS and resuspended in 200 µl binding buffer (BB), containing 10 mmol/L Hepes/NaOH pH 7.4, 140 mmol/L NaCl and 2.5 mmol/L CaCl 2 , plus 0.6 µl of annexin V-FITC kit and incubated for 20 min at room temperature in the dark. After incubation, we added 200 µl BB and propidium iodide (PI) to final concentration of 5 µg/ml. Cells were analyzed using a flow cytometer (EPICS-XL, Coulter, CA). Samples were acquired and analyzed using cell Quest software and data were analyzed with software.
Western blot analysis
Equal amounts of protein (50 µg) were separated on 12% SDS/PAGE gels for detection of Bcl-2/Bax expression, then respectively transferred to nitrocellulose membranes. Membranes were blocked with nonfat milk and incubated with the primary antibody (polyclonal anti-Bcl-2/Bax antibody, 1:100, Santa Cruz, USA) overnight. Immunological complexes were revealed with an anti-rabbit HRP-conjugated (1:1000, Santa Cruz, USA) in blocking buffer for 1 h at room temperature and washed again in TBST (Tris-Buffered Saline Tween-20), detection of signal was performed with chemiluminescence and exposed by film.
Statistical analysis
Data are presented as the mean±SD. Statistical comparisons were made by one-way ANOVA followed by Tukey's post hoc test. Values of * P<0.05 and ** P<0.01 were considered significant.
RESULTS
Effect of edaravone on OGD-reperfusion cytotoxicity
Determination of the damage was performed by measuring the MTT reduction ability of PC12 cells. OGD-reperfusion decreased the viability of PC12 cells in a time-dependent manner; the time ranged from 1 h to 12 h (Fig.1a) . The cell viability was slight reduced by about 15% and cell morphology was mildly altered at OGD 2 h. Furthermore, the pO 2 in medium decreased from (152±5) mmHg to (29±1) mmHg (n=5, P<0.01), and the glucose was almost zero (data not shown) after OGD 2 h. We used OGD 2 h and replaced DMEM for another 24 h as an injury reperfusion model in the following experiments. The viability of PC12 cells was significantly decreased after OGD 2 h and reperfusion for 24 h (Fig.1b) .
As shown, comparative high concentration edaravone (1, 0.1, 0.01 µmol/L) induced a increase of cell survival in a manner of concentration-dependent (Fig.1b) . In addition, whatever high concentration of edaravone didn't show any toxin for PC12 cells (Fig.1c) .
Morphological analysis of PC12 cells death
As shown in picture, PC12 cells growed as ellipse in the pattern of cluster. After nerve growth factor (NGF) induced, PC12 cells brought up the neurite outgrowth (Fig.2a) . Once PC12 injury by OGD-reperfusion, even cells became round, breaking off their outgrowth, and lost their normal morphological, detachment to die (Fig.2b) . If edaravone were administered 30 min before the OGD-reperfusion treatment, PC12 cells damage could attenuate (Fig.2c) . From Hoechst/PI staining, control groups were not any necrotic cells (Fig.2d) , but only little apoptotic cells (Fig.2g) . However, almost 40% PC12 cells shown the apoptotic character, while about 7% PC12 
Electron microscopy
To evaluate the mode of cell death induced by OGD reperfusion, we performed ultrastructural examination of PC12 cells which were fixed after treatment with OGD-reperfusion and observed under electron microscopy. Cells subjected to injury had typical apoptotic characteristics morphologically: strong condensation of heterochromatin and congregated to edge of nuclear membranes. Furthermore, cells' nucleus shrank and vacuolated with intact plasma membranes (Fig.3b) , in contrast to control cells (Fig.3a) . Most PC12 cells preincubated with edaravone (0.1 µmol/L) retained normal nucleus morphology (Fig.3c) . As shown, most of the mitochondria from the control group were in a highly condensed form. The matrix was tightly packed and rather board-like concentrated distribution (Fig.3d) . However, the mitochondria from OGD groups lost their swelling-contraction cycle and appeared in shrunken state (Fig.3e) . In contrast, in mitochondria from edaravone-administered group, most PC12 cells were in a relatively normal state (Fig.3f) .
Flow cytometer analysis
The values of the apoptotic populations which in normal group and OGD-reperfusion result group were (1.5±0.143)% and (46±3.287)% respectively (Fig.4b) .
The mean values of the apoptotic population decreased down to (20±2.543)%. These results demonstrated that edaravone partly inhibited the apoptosis of PC12 cells after OGD-reperfusion injury.
Expression of Bcl-2/Bax under OGD-induced injury
To study the molecular mechanisms of how edaravone prevent apoptosis after OGD-reperfusion was induced, we focused on the expression of Bcl-2 and Bax protein. Bax protein was significantly increased about 8-fold in the PC12 after OGD-reperfusion induced injury, while the Bcl-2 protein slightly decreased. However, the protein of Bcl-2 increased and Bax was suppressed if edaravone was administered before OGD (Fig.5) .
DISCUSSION
It is widely accepted that excessive free-radical contributes to neurodegenerative disorders including Alzheimer's disease (Reddy, 2006 ), Huntington's disease (Stoy et al., 2005) , amyotrophic lateral sclerosis (Orrell et al., 2005) . Our studies confirmed that OGD is toxic to PC12 cells in time-dependent pattern from 1 h to 12 h. PC12 cells died to almost 15% of total after OGD for 2 h and reperfusion for 24 h as indicated by MTT. To observe edaravone's effect on apoptosis, we applied comparatively slight injury, in which PC12 cells suffered OGD for 2 h and reperfusion for another 24 h, as an OGD-reperfusion model.
In addition, edaravone, an antioxidant, can resume PC12 cells from OGD assault, which of surviving cells almost reaching 80%. These results indicated that the toxicity of free radicals produced by OGD-reperfusion might be one of the important factors for OGD. Furthermore, our results showed that edaravone is a relatively more potent neuroprotective compound for preventing PC12 cells from OGD- The mode of most PC12 cells death is apoptosis, whose character of formation had been proved by flow cytometeric analysis, electron microscope and Hoechst/PI staining after OGD-reperfusion. However, edaravone significantly attenuating the damage of PC12 cells and decrease the number of apoptotic cells. Although much data demonstrate that edaravone do not directly inhibit the activity of caspase-1 and caspase-2 (Yasuoka et al., 2004; Lee et al., 2005) , the neuroprotective effects might result from interference with upstream of caspase activation.
Two pathways of apoptosis that have been clearly identified are the extrinsic and intrinsic pathways. The extrinsic pathway is initiated as an extracellular assault, which is dependent on caspase-8 activation (Ceccatelli et al., 2004) . The intrinsic pathway is activation associating Bcl-2 protein and Bax protein imbalance expression. Once the cells' mitochondria are damage after injury, Bax protein on mitochondria increased significantly, resulting in the release of mitochondrial apoptotic factors that activate the effector of caspases, such as caspase-2 and caspase-8 (Perier et al., 2005) . On the other hand, Bcl-2 protein is known as an apoptosis inhibitor, and can withstand the effect of Bax protein. Experimental evidence suggests that Bcl-2 protein must be in equilibrium with Bax protein in most cells. Drugs stabilize this equilibrium at a fine balance between Bcl-2 and Bax, which sustained cell survival, or shift the equilibrium toward free Bax, which induced apoptosis. Mitochondria play a crucial role in regulating cell death, which is mediated by outer membrane permeabilization in response to induce the release of cytochrome c, Smac/DIABLO, and AIF, which are regulated by proapoptotic and antiapoptotic proteins such as Bax/Bak and Bcl-2/xL in caspase-dependent and caspase-independent apoptosis pathways. The genomic responses in intracellular molecular changes after DNA damage are controlled and amplified in the cross-signaling via mitochondria; such signals induce apoptosis, autophagy, and other cell death pathways Soane and Fiskum, 2005; Gross, 2005) .
Recently, to prove edaravone prevents apoptosis, most researches were performed on animal model (Amemiya et al., 2005; Dong et al., 2004; Rajesh et al., 2003) , and edaravone delaying apoptosis has been confirmed. But few experiments on cellular level were reported on the removal an obstacle from blood vessels and circulatory system. Our research suggested that edaravone regulated Bcl-2/Bax protein imbalance expression resulting in OGD-reperfusion on PC12 cells by suppressing the Bax protein overexpression and increasing the Bcl-2 protein. On the other hand, edaravone repaired the damage of PC12 cells' mitochondria, providing adequate ATP nourishing cells. Furthermore, edaravone decreased Bax protein releasing from mitochondria, which is one of the apoptogenic factors connecting with the apoptosis protein-activating factor-1 (Apaf-1) and caspase-9 to form an apoptosome. All of these activated caspase pathway and accelerated cell apoptosis.
In summary, our results extended edaravone neuroprotective mechanism, to determine that edaravone protects PC12 cells from apoptosis through attenuating the damage of mitochondria. Thus, edaravone provides adequate ATP for cell, and suppresses the Bax protein overexpression, elevating the Bcl-2 protein expression on the critical hinge for apoptosis, inhibits the molecular pathway upstream of caspase.
